Abstract Thorough physical and chemical characterization of plutonium-beryllium (PuBe) neutron sources is an important capability with applications ranging from material accountancy to nuclear forensics. Characterization of PuBe sources is not trivial owing to range of existing source designs and the need for adequate infrastructure to deal with radiation and protect the analyst. This study demonstrates a method for characterization of three PuBe sources that includes physical inspection and imaging followed by controlled disassembly and destructive analysis.
Introduction
Plutonium-Beryllium (PuBe) neutron sources are widely distributed owing to their myriad industrial, medical, academic, and nuclear applications [1] . The Off-Site Source Recovery Project (OSRP) sponsored by the U.S. Department of Energy (DOE) National Nuclear Security Administration (NNSA) has recovered more than 37,500 sealed sources globally [2] . The International Atomic Energy Agency (IAEA) through its Nuclear Fuel Cycle and Waste Technology program also provides assistance in managing disused sealed sources [3] . In the period 1993-2014 there were five incidents of illegal possession or movement involving PuBe neutron sources [4] . Thus from the material accountancy, nuclear security, and nuclear forensics points of view, it is important to be able to provide a thorough chemical assay of PuBe sources. In general, PuBe studies focus on non-destructive methods for determining the actinide content and neutron output of sources [5] [6] [7] [8] [9] [10] . This is, in part, due to the unique challenges posed by destructive assay of PuBe sources such as the potential for radiation exposure to the analyst, the need for specialized equipment to open sources and extraction of the nuclear materials, and the availability of instruments to perform a wide-variety of analyses. Los Alamos National Laboratory is uniquely qualified to perform destructive analysis of PuBe sources as a result of decades of experience handling nuclear material in wide-ranging applications [11] .
The availability of plutonium (Pu) as a product of nuclear reactor operations and spent fuel reprocessing in the late 1940s first presented opportunities to synthesize and study PuBe material. Original work to estimate theoretical neutron yields (1949) and then to produce PuBe alloy (1950) stimulated further interest in evaluating and utilizing the predicted flux of neutrons obtained from alpha, neutron (a, n) reactions in this material [12] . The requisite alpha (a) particles for the (a, n) reaction are generated from the radioactive decay of Pu isotopes. The interaction of these alpha particles with proximate light atomic number beryllium (Be) atoms produces the regular flux of (a, n) neutrons [13, 14] . Lithium is another low-Z element that is employed for the (a, n) reaction in neutron sources. For this discussion the neutron output from the spontaneous fission of fissile isotopes present in the samples at a different energy and neutron flux or fluence are ignored [7] .
Initial and continuing synthetic studies identified a single, stoichiometric PuBe alloy with the chemical formula PuBe 13 obtained under a range of reaction conditions [15] . Early efforts to develop PuBe sources greatly varied the ratio of Pu to Be in the mixture to achieve an ideal neutron output for a given mass of PuBe mixture [12, [16] [17] [18] [19] . Depending on whether Be or Pu were limiting reactants, either PuO 2 or BeO could also form in addition to the PuBe alloy [18, 20] . Two distinct physical forms were produced via temperature control of the exothermic synthesis reaction [12, 19, 21] . A friable PuBe 13 powder form was obtained when the maximum reaction temperature was below 2000°C. For reaction temperatures above 2000°C, a brittle, coalesced lump of PuBe 13 formed [15, 22, 23] . Temperature control as the means to obtain distinct physical forms of PuBe is a basic concept underlying industrial synthetic processes supporting the manufacture of PuBe neutron sealed-sources.
The formation of a stoichiometric PuBe 13 alloy provided several favorable characteristics for neutron production relative to the mechanical mixtures of radiumberyllium (RaBe) and polonium-beryllium (PoBe) in common use as neutron sources at that time [24] . To start, the PuBe 13 molecule has fixed (stoichiometric) proportions of Pu and Be so that neutron yields per unit mass are predictable and reproducible. In addition, Pu-Be bond formation provides a short (a, n) reaction distance thereby producing an optimized yield of neutrons primarily in the 0.5-10 MeV range [14, 15, [24] [25] [26] [5, 6, 9, 10, 18, 19, 27] . Plutonium grade in the PuBe source affects the stability primarily through the beta decay of 241 Pu to 241 Am, the latter of which provides an additional source of alpha particles for the (a, n) reaction [27] .
Demand for the steady, low-flux of neutrons (10 6 to 10 8 n/cm 2 /s) provided by PuBe was quickly established within nuclear reactor, oil exploration, medical, and academic communities. For example, neutron sources are used in the startup of nuclear reactors [28] . Moderated (epithermal) neutron sources are used for porosity determinations during well logging [29] . The myriad applications of sealed neutron sources led to their wide-spread distribution. Recently, the International Atomic Energy Agency (IAEA) and NNSA's OSRP program have worked to track, collect, dispose, and recycle unwanted neutron sources in order to limit their proliferation. Additionally alternative neutron sources are being developed to reduce the need for radionuclide sources [30] .
This study presents the methods used at Los Alamos National laboratory for a comprehensive quantitative and qualitative analysis of three low burnup PuBe neutron sources. The results of the analyses are discussed in the context of the variability in source construction and composition.
Analytical methods

Source inspection and disassembly
The sealed sources selected for this study contain nominally 1 to 10 grams of PuBe material such that gamma-ray and neutron dose rates remain relatively low (1-ft does rate \50 mrem/h) [31] . These sealed PuBe neutron sources can be handled and used with minimal radiological precautions provided the source container passes periodic leak tests. However, the disassembly of these sealed sources must take place in a glove-box to safely handle the PuBe materials exposed during source opening. Care also is required in opening these sources as not to cross contaminate the analytical samples.
The PuBe sources were posed to record photographs of external features and markings. X-ray radiographs were recorded using a V. J. Technologies radiography system. The X-ray source has a maximum energy of 225 keV. Energies below the maximum were typically used to image PuBe sources with adjustments made to obtain optimum contrast. Radiographs were processed to obtain dimensions for distinguishable features in images, establish the integrity of the container, locate the radioactive material within the source, and determine the form and mobility of the radioactive material. Post-processing generated either direct exposures or negative exposures to assist in planning sealed-source disassembly.
Glove-boxes are engineered enclosures offering the ability to handle and process actinide materials without the potential for contact with workers. While glove-box enclosures are common to many nuclear and radiological facilities, it is decidedly uncommon to find full-up machining operations entirely contained within a glovebox train. Los Alamos National Laboratory maintains and operates a variety of machining equipment within glovebox enclosures. Expert machinists are also available with the training and experience to provide careful nuclear material handling while conducting glove-box machining operations.
A glove-box installed manual Hardinge (Hardinge Inc., USA) lathe was used to completely disassemble the three PuBe sealed-sources for this study. Per project requirements, the machining glove-box was cleared of extraneous tools and extensively wiped-down to remove loose contamination prior to proceeding with PuBe sealed-source disassembly activities.
The three PuBe sealed-sources exhibit a variety of different dimensions, designs, materials, and methods of construction. Prior to disassembly, each source was photographed and imaged using X-ray radiography. The radiographs enabled inference of the structure of the source (i.e. internal containers and PuBe form). Unique disassembly plans based on source characteristics evaluated from visual/X-ray inspections and literature references were developed prior to each source opening and reviewed immediately before the start of machining operations. Plans provided basic guidelines to disassembly operations but real-time decisions regarding actions in response to sealedsource disassembly issues were made by the core team of machinists, engineers, analytical chemists, and radiological control technicians collaborating on each source opening.
PuBe material dissolution
The literature on PuBe studies describes dissolution procedures for Pu recovery operations but did not provide a relevant analytical protocol for the complete dissolution of PuBe materials [32] [33] [34] . Interviews conducted with subject matter experts on the large-scale extraction of PuBe materials for Pu recovery provided specific details supplementing the published industrial protocol for dissolution. The industrial protocol implements the slow addition of concentrated hydrochloric acid (HCl) to a water slurry of PuBe material. The dissolution reaction is very vigorous as a significant amount of gas was released quickly. After the dissolution reaction is complete as evident by the absence of gas bubble formation, a small mass of solids typically remains undissolved. Since the undissolved solid did not contain residual Pu, the industrial protocol is stopped there without contemplating a complete dissolution.
The full dissolution procedure is described in Xu et al. [35] . All dissolutions were done in PFA dissolution vials (Savillex, USA). After making a slurry with the solid sample and 18.2 MX water, Optima grade 6 M HCl (Fisher Scientific, USA) was added to initiate a reaction. Following this initial reaction, a small mass of solid material remained in all PuBe material dissolutions. For complete PuBe sample dissolution, Optima grade 13 M nitric (HNO 3 ) and 0.1 M hydrofluoric (HF) were added. To expedite full dissolution, sample solutions were transferred to closed PFA dissolution vessels and heated overnight at 130°C. Upon cooling and transfer from dissolution vessels, full sample masses were observed to have been dissolved.
The Source 1 PuBe materials were bonded to the tantalum inner containers such that PuBe had to be extracted via dissolution. Essentially, containers with PuBe were immersed in an HCl solution until the entire material mass was released. Further processing to dissolve solids was conducted after the inner container was removed from solution. The resulting PuBe sample solution was distributed as weighed aliquots (solution volumes) for analysis. The Source 2 and 3 PuBe materials were easily recovered from their respective containers and were divided into weighed cuts. Solutions of the PuBe sample were produced from the dissolution of large ([400 mg) solid cuts. These solutions were then distributed as aliquots for analysis. Additional solid cuts were prepared and distributed for direct characterization by relevant methods.
The distribution and analysis of duplicate sample solutions derived from sample material provides a comparative means to evaluate the homogeneity of recovered PuBe materials. Significant differences in elemental concentrations between replicate cuts would offer strong evidence that materials were not homogenous. Additionally, a total mass balance of elements near 100% is useful indicator of the effectiveness of the analytical methods used for measuring major and trace constituents.
Alpha and gamma spectrometry
A thorough description of the alpha spectrometry method for measuring 237 Np and the gamma spectrometry method for measuring 241 Am can be found in Byerly et al. [36] . A model WPC9550 gas-proportional automatic gross alpha counter (Protean Instruments, USA) and a Quantum 5003 Cobra automatic NaI(Tl) gross gamma counter (PerkinElmer, USA) were used for the analyses. The NaI(Tl) measures the 241 Am activity using the 59.5 keV gamma emission. Prior to analysis, 237 Np is purified using cation exchange chromatography (BioRad AG 50w X4 200-400 mesh) followed by solvent extraction using 2-thenoyltrifluoroacetone (TTA) in methyl-benzoate to separate the trace neptunium (Np). Recovery of Np during purification is quantified by the addition of a 239 Np spike prior to separation.
ICP-AES and ICP-MS analysis
Trace element analyses for the three sources were performed by ICP-AES and ICP-MS following procedures described in Xu et al. [35] . A PlasmaQuad PQ2
? (Thermo Fisher, USA) was used for ICP-MS analysis and an IRIS (Thermo Fisher, USA) was used for ICP-AES analysis. The Pu matrix was removed prior to ICP-AES analysis using AG MP-1 resin. Serial dilution was performed on the sample cut for ICP-MS analysis to reduce the Pu concentration to an acceptable level (*250 ppm). Process blanks were run alongside samples during chemical separation.
SEM analysis
PuBe particles were analyzed using a FEI Quanta SEM equipped with an Ametek EDS system. Small amounts of fine particles from each specimen were segregated and mounted onto carbon sticky tape on a SEM specimen stub. Particles were transferred onto the SEM using a fine-tipped spatula and gently tapping it over the SEM stub.
X-ray diffraction analysis
Lanthanum hexaboride (LaB 6 ) powder (NIST SRM 660b) was used for instrument calibration and alumina (Al 2 O 3 ) powder (NIST SRM 676a) was used to subsequently verify the calibration. The PuBe powder was loaded on a lowdiffracting specimen holder using petroleum grease. To prevent radioactive contamination, the specimen holder was then wrapped in polyethylene film.
Spectrophotometry
Iron is determined spectrophotometrically by using an iron (II)-1,10-phenanthroline complex in an acetate buffered solution. Validation of the calibration factor was performed prior to the analysis of the samples and using a well characterized plutonium matrix solution ISO GUIDE 34 iron single element solution standard. Plutonium has been removed from the solution prior to measurement using an oxalate precipitation followed by centrifugation to prevent interference at the 510 nm wavelength while using a Gensys 10S UV-Vis spectrometer (Thermo Fisher, USA). The aliquots analyzed have come from the same solution used to aliquot for the CPC method. Each replicate iron assay uses 10-15 mg of sample. Matrix blanks are subtracted out at the spectrometer.
Thermal ionization mass spectrometry
Uranium and Pu isotope ratios were measuring by thermal ionization mass spectrometry (TIMS) using VG Sector-54 and VG 354 instruments. Isotope dilution mass spectrometry (IDMS) was used to measure U and Pu contents by adding 233 U and 244 Pu spikes. Prior to analysis, Pu and U were separated from the PuBe matrix using Lewatit MP 5080 (Bayer AG) ion exchange resin [37] [38] [39] . Plutonium isotope ratio measurements were performed using a triplefilament geometry by total evaporation [40] . Uranium isotope ratio measurements and U and Pu IDMS measurements were performed by ion counting on single filaments. Certified U and Pu isotope standards IRM 199 and CRM-126a were run alongside samples to verify instrument performance. Process blanks for Pu and U isotopics and assay were run with each sample set.
Results and discussion
Source construction
The three sources share broad similarities in size and shape (Fig. 1) . All are cylindrical, and approximately the size of a standard ''AA'' cell battery. Source 1 has a base diameter of 1.27 cm and a height of 1.78 cm. It has two identifiable parts, the main cylindrical body and a mount ring threaded into the top of the cylinder. Source 2 has a base diameter of 1.91 cm and a height of 3.05 cm. It has a drilled extension on top to provide a wire or bolt attachment point. The base appears to have been sealed with a press-fit cap with a rolled outer edge. Source 3 has a base diameter of 2.03 cm and a height of 2.79 cm. It has a press-fit cap that seals the bottom that is similar to that on Source 2.
The X-ray radiographs (Fig. 2) reveal complicated underlying source design and construction. Each consists of an inner container nested within the outer container. The inner container in Source 1 is opaque in the radiograph which indicates it is constructed of a high atomic number metal. It is roughly cylindrical but with noticeably irregular geometric edges. Upon opening, the inner container was easily separated by inverting the outer container. The X-ray radiograph of Source 2 penetrates into the stainless steel inner container and identifies the location of the PuBe material. The PuBe material appears fluffy and mobile and fills over half of the inner container volume. The inner container was seated firmly within the outer container. The nested inner container of Source 3 shows the same design and construction features as the outer container minus the attachment loop. The PuBe material appears to entirely fill the secondary container. Like Source 1, the inner container of Source 3 was easily removed.
PuBe form and mass
Most particles from the three sources had a similar morphology (Fig. 3a-c) . When imaged in backscatter mode, elements with high Z will appear whiter, and we are able to see that the particles are composed primarily of PuBe 13 regions, separated by a narrow boundary of Be metal. EDS was used in mapping mode to show that this was the case. The presence of Be is deduced from the absence of any EDS signal, as Be cannot be detected by our EDS system. The total amount of Be that remains in metallic form is small, and cannot be detected by XRD. Be metal readily oxidizes and it is likely that small particles of Be rapidly convert to BeO when exposed to air.
The gross form of the PuBe material varies considerably amongst the three sources. In Source 1, the material is coalesced to the inside walls of the inner container leaving an axial void. In order to avoid incomplete recovery and contamination, the PuBe material for Source 1 was dissolved in situ from the inner container. In total, 1.3946 grams of material were recovered (dissolved). X-ray diffraction analysis found only PuBe 13 in Source 1.
The Source 2 PuBe was a coarse powder that was easily poured from the inner container. Recovery was nearly complete (2.7741 grams) except a few particles that remained stuck to the inside of the inner container. X-ray diffraction analysis identified the primary phase as PuBe 13 (face centered cubic crystal structure) with BeO (hexagonal crystal structure) also present. Source 2 and 3 appeared to have significantly more very fine particles of PuBe 13 than Source 1 (Fig. 3d) . The fines likely form by fracturing off of larger PuBe 13 particles, as the compound is very brittle. The morphology of the fine particles shows a predominance of flat fracture surfaces and sharp edges, typical of brittle fracture in materials.
Source 3 contained a heterogeneous mixture of large (1.0-0.2 mm) pieces surrounded by a fine powder. Like Source 2, the PuBe material poured freely from the inner container, although the amount of PuBe material (7.2922 grams) was much greater than Source 2. X-ray diffraction analysis only identified molecular PuBe 13 . The determined lattice parameter (10.305 ± 0.002 Å ) for Source 3 alloy was significantly larger than published values for PuBe 13 (10.274 to 10.278 Å ) [21] . The higher lattice parameter suggests that the Source 3 alloy contained an excess of Be material. The absence of a diffraction pattern to support the indicated excess of Be suggests the sample contains metallic Be which has low relative XRD sensitivity. Candidate BeO particles were identified by EDS mapping of a PuBe 13 particle (Fig. 4) . These particles are dark in the Pu EDS map and bright in the O EDS map and appear as small particles in the secondary electron image.
All three sources contained unusual particles with similar inhomogeneous morphologies (Fig. 5) . The particles appear to be BeO containing a very fine distribution of PuBe 13 particles. The fact that BeO was not identified in Sources 1 and 3 by XRD indicates that these particles make up a low proportion of the total material in these two sources.
Chronometry
Ingrowth of daughter products from the radioactive decay of Pu isotopes provides a means of estimating the time at which the parent Pu material was last purified [41] . This purification age provides an estimate of the maximum age of source preparation. Model ages for the three sources are presented in Table 1 . The sources have similar model ages which range from 1961 to 1967. For each sample all of the model ages are in agreement. The large relative errors for 238 Pu/ 234 U chronometers are not uncommon in Pu chronometry and are primarily the result of low initial 238 Pu abundance and thus limited production of 234 U making the measurement of these isotopes challenging [42] .
Not surprisingly, the 242 Pu/ 238 U ages are unreasonably old ([10,000 years). This is likely due to either 238 U being present following purification of the Pu for the PuBe sources, or 238 U being introduced at some later point (i.e. not a closed system). The former case, incomplete purification, suggests that 238 U was present in concentrations of 13, 40, and 20 lg/g for Source 1, Source 2, and Source 3, respectively, following purification of Pu. The fact that the U/Pu chronometers and the Pu/Am chronometer yield concordant ages indicates that contamination or initial concentration of those daughter products ( 234 U, 235 U, 236 U, and 241 Am) was close to zero.
Elemental analysis
Results of elemental assay of the three sources are given in Table 2 . Data for Source 1 and Source 2 were previously reported by Xu et al. as Source 3 and Source 4, respectively [35] . Elements with high concentrations include the Pu progeny, Am, Np, and U as well as Ca, Fe, Mg, Si, and Al. Source 1 has a high concentration of Ta (1.3 wt.%). Plutonium and Be concentrations are fairly similar for the three sources (Pu ranges from 60.5 to 61.5 wt.% and Be ranges from 37.6 to 38.5 wt.%). In all cases, the Pu and Be account for greater than 99% of the total mass of each source. All three sources are enriched in Be relative to the nominal PuBe 13 formula which has a Pu-Be ratio of 2.04. Sources 1, 2, and 3 have Pu-Be ratios of 1.57, 1.60, and 1.63, respectively. The full chemical characterization offers an important check on the accuracy and completeness of measurements.
A mass balance (elemental summation; Table 2 ) value near 100 wt.% (± total measurement uncertainty) instills confidence that measurements are accurate and that all significant elemental constituents have been determined. Many of the impurities observed in the three sources are to be expected in PuBe material. The high concentrations of Am, Np, and U are the result of decades of radioactive decay of Pu. The other elements found in high concentrations include Al, Fe, Mg, and Si, which are common impurities found in Be metal [43, 44] . These impurities may have also been introduced during the chemical or physical processing during the manufacture of these sources. The high Ta concentration observed in Source 1 is likely an artifact of the in situ dissolution from the Ta container.
Stability of neutron output
One of the primary advantages of PuBe sources over other neutron sources is the relative stability of the neutron output with time due the long half-life of 239 Pu, the primary isotope of most PuBe sources [12] . For example, the alpha activity (a proxy for neutron production) of a pure 239 Pu source would decrease by less than 0.3% over 100 years. In reality, however, the Pu in a PuBe source will consist of a mix of Pu isotopes ( 238 Pu, 239 Pu, 240 Pu, 241 Pu, and 242 Pu) which reflect the reactor conditions and fuel type from which they were derived. The primary cause of variation in source output is the ingrowth of alpha-emitting 241 Am following the beta decay of 241 Pu [27] . The estimated variation in source neutron output over time for the three sources in this study is shown in Fig. 6 . The total source neutron output is estimated using the equation N ¼ M Pu P i m i n i where N is the total neutron output, M Pu is the mass of Pu, m i is the mass fraction of isotope i, n i is the neutron yield of isotope i, and i covers the six isotopes [238] [239] [240] [241] [242] Pu and 241 Am [5, 6] . The maximum source output is primarily a function of the initial 241 Pu content, but is also controlled by the initial concentrations of the other Pu isotopes. Source 1, which has the highest initial 241 Pu content, reaches a maximum neutron output that is *44% higher than its initial output. Source 2 and 3 which have similar initial 241 Pu contents reach maximum neutron outputs that are *18 and *16% higher than their initial outputs, respectively.
Conclusion
The three PuBe neutron sources are broadly similar in construction and composition. Minor variations in the nature of the PuBe material (e.g. powdered or massive; makeup of microparticles) likely reflect the range of conditions used in PuBe manufacture such as the starting materials, initial Pu:Be ratio, or the temperature at which the PuBe materials were heated during manufacture. Am/ 241 Pu model ages are consistent within each of the samples and indicate purification ages of greater than 50 years (relative to January 1, 2015) for the parent Pu material. The variations in elemental composition are probably due variability in the composition of parent Pu and Be materials and the containers, apparatuses, and processes used during manufacture. The methods presented for the destructive analysis of PuBe sealed sources has wide-ranging applications in nuclear forensics, material accountancy, and nuclear security. Fig. 6 The change in source neutron output (S t /S 0 ) over time where S 0 is the initial neutron output and S t is the neutron output at time t. Values for specific neutron yield are from Bagi et al. [8] . The change in neutron output for theoretical PuBe sources made from certified reference materials (CRMs) CRM 126 and CRM 137 are given as a proxy for low burnup Pu (CRM 126) and fuel-grade Pu from a boiling water reactor (BWR; CRM 137). Diamonds indicate estimated source output at the reference date January 1, 2015. Squares indicate the time of maximum neutron output
